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ABSTRA CT

This paper reviews recert progresswith technology being dewveloped for the Terrestrial Planet Finder Interfer-
ometer (TPF-I). TPF-I is a mid-infrared spaceinterferometer being designedwith the capability of detecting
Earth-lik e planets in the habitable zonesaround nearby stars. TPF-I is in the early phaseof its developmert.
The sciencerequiremerts of the mission are described along with the current designof the interferometer. The
goalsof the nulling and formation- ying testbedsare reviewed. Progresswith TPF-1 technology milestonesare
highlighted.
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1. INTR ODUCTION

The Terrestrial Planet Finder Interferometer (TPF-I) is one of sewral missionswithin NASA's Navigator Pro-
gram. The Navigator Program also includes the Keck Interferometer, the Large Binocular Telesco Interfer-
ometer, SIM PlanetQuest, and the TPF Coronagraph| aswell asthe MichelsonScienceCenter which servesa
supporting role in the developmert of theseobsenatories. This paper servesto provide an overview of advances
in technology for TPF-I that have occurred since 20051

1.1. Science Goals and Mission Design

The sciencegoalsof the TPF missionsrelate to the discovery and characterization of Earth-lik e planets around
nearby stars, where nearby is understood to be within a distance of roughly 60 light years. The sciencegoals
are asfollows: 1) Detect any Earth-lik e planets in the habitable zone of nearby stars through measuremets of
re ected light and thermal emission;2) Characterize the physical properties of detected Earth-lik e planets (size,
orbital parameters, albedo, presenceof atmosphere) and make low-resolution spectral obsenations looking for
evidenceof a habitable planet and biomarkers such as O,, Oz, CO,, CHy4, and H,O; 3) Detect and characterize
the componerts of nearby planetary systemsincluding disks, terrestrial planets, giant planets, and multiple
planet systems;and 4) Perform general astrophysics as permitted by the mission capability and timeline. The
sciencegoals of TPF-I are described in further detail by Beichman et al.?

The TPF Interferometer is being designedas a mid-infrared interferometer with the angular resolution neces-
saryto isolate and measurethe spectra of planets. The angular resolution necessitateghe designof a mid-infrared
obsenatory that is larger than 40 m across. Previous studies by the TPF-I group determined that neither a
single structure nor the use of tethers would be suitable for the interferometer, and consequetly the design of
TPF-1 relies on formation- ying technology.
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Figure 1. The Achromatic Nulling Testbed (ANT). The ANT includes three testbedsto explore technology for broadband
deep nulling. The goal of the testbed is to achieve mid-infrared null depths of 1000,000:1using a bandwidth of 25%,
certered at a wavelength near 10 m. The view of the ANT in the above photo shows the periscope assenbly (on the
left). Mid-infrared nulls of 15,000:1 have been achieved in unpolarized light with a 25% bandwidth. Mid-infrared laser
nulls of 200,000:1 have been obtained using the exact same interferometer. The Principal Investigator of the ANT s
Robert Gappinger, pictured here.

1.2. Arc hitecture Studies and the X-Arra y

The preferred architecture for TPF-1 haschangedin recert years. An architecture trade study undertakenin 2004
and published in 20052 showved that the X-Array had a slight advantage over a Linear Dual-Chopped Bracewell
array (the array usedfor the TPF-Book* illustrations). The X-Array usestwo pairs of telescopes, where eadh
pair acts as a separatenulling interferometer.®> The distance between telescogesin ead pair therefore can be
tuned to best suppressbadkground stellar leakage around the null. The distance betweenone pair and another
can then be separately adjusted to provide the angular resolution necessaryto unambiguously isolate the light
from one planet. For most other designs,the baselinesfor nulling are coupled with those that provide the
angular resolution | and soit is dicult to simultaneously suppressthe stellar leakageand have high angular
resolution.® The X-Array has other advantages. It usesonly two types of spacecraft designs, has a simple
beam-relay geometry, and its performancedegradesgracefully. It would however survey slightly fewer stars and
its generalastrophysics performancewould not be quite as good as other designs.

Recent work by Oliver Lay has also brought to our attention the possibility that the X-Array may provide
a meansof treating instabilit y noise (also termed variabilit y noise) and thereby relax the system requiremerts.”
Instabilit y noiseis the uctuation in null depth due to imperfectionsin the corrections of the servo loops that
maintain the null.® It is not sucient to have a deep null, the null must also be stable. Instabilit y noise is
the dominant noiseterm in our error budget, and methods of addressingthis problem are of obvious interest
to TPF-l. Tedniques of reducing instabilit y noise may reducethe 10 ® null depth requiremert to 10 ° or even
10 “. Null depthsof 6:6 10 ° (25% bandwidth in unpolarized light) are currently achievedin our Achromatic
Nulling Testbed. For this reason,we are strongly motivated to pursuethe possibilities preseried by the X-Array.



Figure 2. The Planet Detection Testbed (PDT). The PDT is a four-input nulling interferometer that uses10 m laser
light and servo loops that modulate the null depth to perform experiments related to instabilit y noise, interferometric
chopping, and planet detection. The testbed con guration shown here was usedto obtain 200,000:1laser nulls and detect
a simulated planet with a contrast ratio of 2000,000:1. The Principal Investigator of the PDT is Stefan Martin, shown in
the white lab coat.

1.3. Collab oration with Europ ean Space Agency

The scienceand technology teams of the TPF Interferometer (NASA) and the Darwin mission® (Europ ean Space
Agency) continue to maintain an excellert working relationship. Both groups believe that it is in their mutual

interest that the projects eventually be combined in a single mission with a Memorandum of Understanding
signed between NASA and ESA. Such a formal working relationship is someyears away, and in the meartime

ead group is working separately to build support for their e orts within their own community, with TPF-|

progressingtowards the next Decadal Survey report and Darwin developing strong support within ESA's Cosmic
Vision Program. Through e orts in the near term (2006|2007) the technical teams of TPF-I and Darwin are
collaborating to arrive at a common architecture for the interferometer. This work will entail possible further

designstudiesto extend previouswork!® at NASA/JPL for the TPF-I group to be better ableto evaluate ongoing
contract work being undertaken for ESA by EADS Astrium and Alcatel Alenia | due for completion in March

2007. The launch vehicles,massmodels, and packing geometry usedin the trade studies are known to be areas
of interest and debate, and will be given particular attention by ead party over the coming year.

1.4. TPF-I Technology Plan

In June 2005, the Technolagy Plan for the Terrestrial Planet Finder Interferometer’! was published. The
technology plan is a detailed description of the areas of technical work that needto be addressedas part of
the dewvelopmert of TPF-I prior to erntering Phase A of its mission life cycle. The documert describes the
requiremerts and error budgets for the missionrelevant to starlight suppression.formation ying, and cryogenic
technology. Also included are testbed descriptions, and for ead testbed a schedule of milestonesand technical
gatesare listed. The technology plan emphasizeghe relationship betweenerror budgets, theoretical predictions,
and experimental results. It is expectedthat asour ability to model the experiments matures, the error budgets



will be revised and updated, and the performancetargets for eat testbed will reassessedThe technology plan
is expectedto be updated about every two years.

The technology plan can be thought of as a contract betweenthe TPF-I project and its sponsorsat NASA
Headquarters. Sincethe time of publication, the scope of work hasbeengreatly reducedto re ect changesin the
NASA budget. The continuing work emphasizesour most crucial technology; the assaiated milestonesfor this
work remain essetially as stated in the original plan. This ongoingwork is described in the following sections.

2. TECHNOLOGY FOR STARLIGHT SUPPRESSION

The suite of technology testbedsbeingundertakenfor TPF-I are all being doneduring Pre-PhaseA of the project.
For other missionsthis is equivalert to the proposal phase. The work is therefore directed at demonstrating the
feasibility of the techniquesthat will be used. For starlight suppressionit wasthought impractical to demonstrate
all that neededto be demonstrated on a single testbed. The e ort has therefore beendivided into e orts that
canbetackled independertly: 1) deepbroadband two-beamnulling; 2) Planet detection with a four-beamnuller;
3) Adaptiv e correction of amplitude and phase;and 4) Single-made mid-infrared b er optics. The requiremerts
for the nulling testbedsare summarizedin Table 1.

Table 1. Comparison of current igh t requirements with Pre-Phase A nulling testbed requirements

Parameter Flight Performance Achromatic Nuller PDT Adaptiv e Nuller
Null depth 75 107 1 10° 1 10° 1 10°
Amplitude Control 0.13% Derived 0.12% 0.1% (static)
Phase Control 1.5nm Derived 2 nm 1 nm (static)
Stability timescale  50,000s + 100s 5,000s 100s
Bandwidth 7{17 m 25% =106 m 6{17 m

2.1. Achromatic Nulling Testbed (ANT)

Perhaps the most fundamental technical demonstration for TPF-1 is to show that deep broadband nulling is
possible. For the Achromatic Nulling Testbed a bandwidth of 25% was chosenat a certral wavelength of 10

m and a target null depth of 1 10 6. This target is very closeto the ight requiremert listed in Table 1,
although the bandwidth is only a fraction of the total bandwidth that will ultimately be required. The nuller
being usedis a compact two-beam Mach-Zehnder interferometer using opposite eld ips in ead arm with an
arrangemert of periscope mirrors. The interferometer is pictured in Fig. 1. The ANT has also implemented
a dispersive plate nuller and a through-focus nuller. The best results to date have come from the periscope
nuller, yielding broadband nulls of 15,000:1in unpolarized light. Our e orts to characterize the limitations of
periscope nuller have shown that the null is not dispersion limited; dispersion and chromatic e ects are very
well compensated within the nuller, and decreasingthe bandwidth of the light sourcefrom 25% to 10% does
not improve the null. Howewer, there is evidencethat polarization-dependert amplitude and phaseerrors are
presert in the testbed. Testsusing the sameoptics, 10- m laser light, and mid-infrared polarizers has yielded
null depths of 200,000:1.1t is di cult to model and predict thesee ects, asthe predictions require knowledge of
the material properties of the beamsplitter coatings, which unfortunately remains proprietary. The laser nulling
results suggest,however, that a factor of 10 improvemen in broadband nulling is possiblein the near future if
the interferometer is carefully realigned. This work is now in progress.

2.2. Planet Detection Testbed (PDT)

The leading candidate architectures for the TPF Interferometer (the X-Array and the Linear Dual-Chopped
Bracewell) are both four-beam nullers that use interferometric chopping to detect planets in the presenceof
a strong mid-infrared background. The Planet Detection Testbed!? (PDT) was developed to demonstrate the
feasibility of four-beam nulling, the required null stability, and the detection of faint planets using an approac



Figure 3. The Adaptiv e Nuller Testbed (AdN). The Adaptiv e Nuller has asits goal to demonstrate phaseand intensity
compensation of beamswithin a nulling interferometer to a level of 0.12% in amplitude and 5 nm in phase. This version
of the AdN operates over a wavelength range of 8{12 m. The AdN separatesthe two linear polarizations and produces
spectra that are imaged one above the other at the surface of a deformable mirror. The long-focus parabolas, used in
AdN are seenon the upper right. The Principal Investigator of the AdN is Robert Peters.

similar to the onescontemplated for a igh t-mission. A view of the PDT is shawn in Fig. 2. The PDT includes
numerouscontrol loopsthat periodically degradethe null in the seart of the best alignment for pathlength and
tilt cortrol of the four beams. The time-seriesof data from the PDT, plotted on a log-scale,show the signature
of these modulations and yet the null degradations are so slight that deep nulling is maintained. In 2005 the
Planet Detection Testbed demonstrated four-beam nulling with null depths of 250,000:1and the detection of
a simulated planet at a contrast level of two million times fainter than its star. Upcoming milestonesfor the
testbed include a demonstration of nulling stable to 0.1% and phasechopping.

2.3. Adaptiv e Nuller Testbed (AdN)

Almost all laboratory nulling testbeds have symmetric optical layouts and include a light sourcethat whose
intensity is carefully balancedin ead arm of the interferometer. The desired null depth imposesrequiremerts
on the phaseand intensity matching in the interferometer, as well as requiremerts on di erential polarization
rotation and delay. The Adaptiv e Nuller'3® was conceived as a devicethat would demonstrate the compensation
of polarization-dependert errors. The AdN separatesthe light from ead polarization, dispersesit, and uses
a deformable mirror to compensate amplitude and phase at individual wavelengths. Successfultests with a
visible-wavelengthsversion of the Adaptiv e Nuller, led to the developmert of a mid-infrared system, described
by Robert Peters elsewherein these proceedings,and also shovn in Fig. 3. The AdN is still undergoing tests
and has successfullyshowvn a preliminary intensity compensation over a band of 8-12 m. Its goal is to provide
compensation of amplitude to 0.12%and phaseto 2 nm.

2.4. Mid-Infrared  Single-Mo de Spatial Filters

The TPF-lI project has had sewral contracts for the developmert and production single-made mid-infrared
b ers!* As aresult of this work the project has approximately 16 high-quality single-made b ers that include



Chalcogenide b ers from the Naval Researt Laboratory, and Silver Halide b ers from the University of Tel
Aviv. This is a signi cant change from the state of the art in 2002, when only one or two short samples of
Chalcogenide b ers had been produced by Le Verre Fluore.*®> The technology for Silver Halide b ersis now
advancedbut still maturing. Computer cortrol of the extrusion processfor Silver Halide b ers has now greatly
reducedinhomogeneitiesin the b ers. We have beenpleasedwith test results of seweral bare samples,but have
only recertly received Silver Halide b ers complete with casingsand connectors. Nulling tests with these b ers
are greatly anticipated becausethey hold the potential of extending the long-wavelength range of the testbeds.

3. TECHNOLOGY FOR FORMA TION FLYING
3.1. Formation Control Testbed (FCT)

The Formation Control Testbed*® (FCT) is the testing-ground for igh t software developed for formation ying
for TPF-I. It includesthe two robots pictured in Fig. 4. Each robot usescylinders of compressedair and linear
air bearings (the circular metal pads seenin the photo) to oat freely above a polished metal o or. A spherical
air bearing supports a stage(shown tilted in the photograph) upon which are housedthe avionics and processors
of ead robot. The robots have a master-slave relationship and algorithms for autonomous guidance. They
can either be operated independerily or together in \co operative” mode. The robots are being tested within a
celestarium that had been used previously to calibrate star trackers used by spacecraft. The spherical ceiling
of the interior building has an array of arti cial stars on it that the robot camerascan useto derive absolute
position information down to the level necessaryto reac the testbed's performance milestone.

Figure 4. The Formation Control Testbed (FCT). Showvn here are the two robots of the FCT. Each robot carries cannisters
of compressedair that allow them to oat o apolishedmetal o or. The ooris at to within 2 one-thousandths of aninch
and spansa much larger areathan shown here. The robots carry a platform (shown tilted for each robot) that is supported
on a spherical ball bearing, also driven with compressedair sothat the support of the platform is entirely frictionless. The
robots serve asthe hardware interface and testing ground for igh t software developed for spaceapplications in formation
ying. The robots have completed their functional testing in cooperative mode and should achieve their major milestone
of range and bearing control in late 2006. The Principal Investigator of the Formation Control Testbed is Asif Ahmed.



The formation control requiremerts are largely independert of the requiremerts set for the nulling interfer-
ometers. It is assumedthat ead telescope in the formation ying array will have its own delay line, and that
a delay of seweral tens of certimeters, and perhapsas large as a meter, will be available to co-phasethe array.
The performancetarget that was set for this testbed is therefore to establish relative range control to within 5
cm. The robots are now working well in the preliminary phase of cooperative testing, and should reach their
performance milestone later in 2006.

4. SUMMAR Y

Tednology developmen for the Terrestrial Planet Finder Interferometer is proceedingon schedule, and despite
the reduced scope of the work we are maintaining the most critical of the commitments we set out in our
technology plan. Many of the most signi cant milestonesfor the project should be achieved in 2006. Our
collaborations with the European SpaceAgency's Darwin mission should yield a common mission architecture
by about mid-2007. Should the testbed work cortinue through the next few years, the project will set more
ambitious technological goals.

In the coming yearsthe project will continue to build the casefor sciertic and technological readinessin
preparation for the 2010 Decadal Survey of the National Academy of Sciences.
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